The pioneering work of Sohngen (1913) established that a variety of aerobic microorganisms are capable of growing at the sole expense of diverse paraffins. These findings have been extended and corroborated so often since then that detailed documentation does not seem necessary here, especially since the subject of microbial hydrocarbon oxidation has been comprehensively and frequently reviewed (Beerstecher, 1954; Davis and Updegraff, 1954; ZoBell, 1950) .
Despite the extensive literature on the subject of the mechanisms by which bacteria and other microorganisms attack hydrocarbons, the reactions have not been subjected to intensive experimental study. For example, an important goal in the establishment of a metabolic mechanism, namely, the isolation and identification of an intermediate compound reasonably close to the substrate in terms of structure, has been accomplished in the microbial oxidation of aliphatic hydrocarbons only three times; of these only one is alkane oxidation. Birch-Hirschfeld (1932) detected the presence of acetaldehyde in cultures of Mycobacterium lacticola growing at the expense of acetylene. Bruyn (1954) (Brown and Strawinski, 1958 ; Dworkin and Foster, 1956) . Many reports in the literature indicate that fatty acids, aldehydes, or alcohols have been recovered from cultures oxidizing aliphatic paraffins (see Beerstecher, 1954 , for complete citations). In no case, however, has a fatty acid (or other intermediate) been identified which has a carbon skeleton identical to the alkane being oxidized, thus leaving in question the locus of the primary enzymatic attack on the alkane molecule.
This paper summarizes preliminary findings of a study undertaken to investigate the mechanisms of microbial attack on aliphatic paraffins.
MATERIALS AND METHODS
A gram-negative coccus (designated as H.O.1 during this study), with ability to utilize a wide variety of organic compounds for growth, was isolated from hexadecane-mineral salts enrichments. The enrichments were incubated at room temperature on a gyratory shaker and after 7 days a transfer was made to fresh medium, following which 6 serial transfers at 48-hr intervals were made to flasks containing fresh mineralhexadecane medium. Pure cultures were obtained by streaking on mineral agar and incubating in a paraffin atmosphere obtained by adding 1.0 ml of sterile hexadecane to a circle of filter paper previously inserted in the lid of the petri plate. The detailed microbiological attributes of all isolates from hexadecane as well as other hydrocarbon enrichments will be the subject of a separate report. reached a maximal value at about 30 hr, somewhat prior to maximal ester production, and thereafter lysis of cells occurred so that cell harvest was essentially zero at 200 hr. Although no claim can be made for the precision of the growth measurements, the curve obtained is real inasmuch as subsequent experiments showed that it is possible to obtain a more conventional growth with other substrates (lactic acid, glycerol).
It may be argued on the basis of the data in figure 1 that cetyl palmitate is a nonfunctional end product accumulating from oxidized hexadecane, but tests indicated that the ester supported slow growth of the test organism at alkaline pH values. The organism also demonstrated an ability to oxidize the compound slowly when tested by conventional manometry. Both processes doubtless are profoundly affected by the insoluble and nonwettable nature of the wax. The reason(s) for the lysis of cells under these conditions has not yet been ascertained. Since chemical analysis showed that under the conditions of the experiment (figure 1) 2.5 g of ester (calculated as cetyl palmitate) were formed from 7.73 g of hexadecane (d20 .7734) by growing cultures, the amount of ester produced exceeds considerably the impurity present.
An equally important question, apart from teleological considerations, was concerned with the mechanism(s) by which cetyl palmitate was formed from hexadecane. It seemed that the most logical way the hydrocarbon structure could be breached was through the formation of 1-hexadecylhydroperoxide. Two such hydroperoxide molecules might give rise to two molecules of palmitaldehyde which by a mechanism analogous to the Tishchenko reaction would lead to cetyl palmitate. Mosher and Wurster (1955) Preliminary experiments with ordinary oxygen indicated that increasing the oxygen tension over the growing cultures decreased the time required for ester formation and increased somewhat the initial growth rate of the organisms. Maximal ester formation could be achieved in 24 hr when an atmosphere of pure oxygen was provided. Some changes in the total crop of organisms were evident during growth under oxygen (figure 2) but for technical reasons it was decided to perform 018 incorporation experiments under oxygen. A 4-L round bottom flask equipped with two stopcocks was charged with 1 L of the basal medium, 10 ml of hexadecane, and inoculated with 10 per cent of a liquid culture of the organism. The flask was evacuated, flushed with nitrogen, evacuated again, and filled with the 018 atmosphere. The incubation was carried out at 25 C and 018 was admitted as required. Twenty four hours later the ester was isolated and subjected to mass analysis and compared with a sample of cetyl palmitate isolated in a concomitant experiment but under ordinary oxygen. Following is an account of the analytical method.
As has been pointed out the characteristic set of ions of the ester mass spectrum is that with mass to charge ratio equal to 259, 258, 257 and 256. The primary peaks of this set are 257 = C16H3302+ and 256 = C16H3202+, dissociation fragments of the ester. The peaks of m/q = 259 and 258 are "isotope peaks" (259 C16H33016018 + C14C'3HU02; 258 ' C15C'3H3302 + C14C13H3202 + Cl6H32O16018).
The analytical procedure for incorporation of atmospheric oxygen had as its primary data the intensities of the four ions. From the relative intensity, 259/257, a correction to 258 for the C13 + 018 corresponding to the acid ion was obtained. From the corrected intensity of peak 258 the intensity of 257 could be corrected for the C13 from the acid ion: (258c) = (258) -(257) (256) (257c) = (257) -(257) (256) Rather than supporting the Tishchenko mechanism the 018 incorporation data differ from the expected value significantly enough to preclude the hypothesis. The data obtained, however,, fit the notion that two 1-hydroperoxide molecules are produced directly from the paraffin and these are reduced to the normal alcohol. One alcohol molecule is oxidized to (in the case of hexadecane) palmitic acid and during the process the 018 originally present in the alcohol is randomized with 016 from water of the medium. The hydroperoxide -+ normal alcohol mechanism is a tentative suggestion since several other hypothetical mechanisms are also consistent with the data but a choice among these cannot be made at this time. Experiments in progress are expected to shed additional light on the problem. The proposed mechanism (figure 3) is predicated on the assumption that no great isotope effect obtains in the system with regard to the utilization of oxygen by the organism.
Additional evidence for the early participation of hexadecanol-1 in cetyl palmitate formation is found in figure 4 wherein ester production during growth of the organism on hexadecanol is compared with ester produced at the expense of growth on palmitic acid. Clearly, ester production by the organisms from hexadecanol is far in excess of ester produced from palmitic acid. Maximal ester accumulation is 650 ,moles per 100 ml in the former case as compared with 30,umoles of ester per 100 ml in the latter. This would be the expected result if palmitic acid were produced from hexadecanol followed by a direct esterification of the acid and the alcohol. The ester produced by the organism from hexadecanol was isolated and by the techniques described above was shown to be cetyl palmitate. Palmitaldehyde as a growth substrate yielded inconclusive evidence and the results appeared to be confused by side reactions and condensation products of the aldehyde (other than ester).
It is not known at present whether the first step in bacterial paraffin oxidation is an oxygen transferase or a mixed function oxidase (Mason, 1957) . No cell-free paraffin oxidations have been observed despite considerable effort to develop such a system. In fact, thus far, only growing cells have been found to oxidize paraffins at rates sufficiently rapid to result in ester accumulation. The formation of hydroperoxides by lipoxidase action makes it tempting to consider the alkane oxidizing systems as being analogous to lipoxidase (reviewed by Mason, 1957) , which forms hydroperoxides at the methylene bridges of methylene-interrupted multiply unsaturated fatty acids. However, there is no evidence for the formation of olefins during the bacterial oxidation of alkanes. On the contrary, fragmentary data from this laboratory and reports from other laboratories (Bruyn, 1954 ) strongly suggest that olefin oxidation proceeds in a different manner from paraffin oxidation, i. e., via formation of a-glycols at the double bond.
Implication of the postulated 1-alkyl hydroperoxide is admittedly based on indirect evidence. The formation of hydroperoxides in nonbiological oxidation of paraffins is well known (Vaughn and Rust, 1955) and it should be noted that in nonbiological paraffin oxidations at low temperatures there is no evidence suggesting the intermediate formation of olefins. Imelik (1948a, b) noted the formation of "peroxides" during the oxidation of cyclohexane by growing cultures of Pseudomonas aeruginosa. "Peroxides" (Eisenberg, 1943) have been detected during the growth of the gram-negative coccus on hexadecane but only when metallic ions, especially iron, were kept to extremely low concentrations in the growth medium. At present it is impossible to test directly the suggestion that 1-hexadecylhydroperoxide is an intermediate in the oxidation of hexadecane because 1-hexadecylhydroperoxide is not known. A number of the lower 1-hydroperoxides have been prepared, however (Williams and Mosher, 1954) , and through the courtesy of (Imelik, 1948a, b; Hanson and Kallio, 1957 with nonbiological paraffin oxi(lations. Pope et al. (1929a, b) claimed that autoxidation (peroxide formation) of paraffins occurred on the methyl group at the end of the largest alkyl chain, but this hypothesis has now been replaced by the notion that the hydrogen atoms in a hydrocarbon are all vulnerable to the free radical attack which is the accepted mechanism for paraffin autoxidations (Walling, 1957) . In a recent review (Vaughn and Rust, 1955) on the subject, it has been pointed out that the frequency of attack at any one position will be complicated by and depend upon such faetors as hydrogen atom reactivity, the numbers of available atoms at any position, and possibly steric factors. Generally, the order of increasing reactivity of hydrogen atoms will be primary, secondary, and tertiary; thus in the case of normal paraffins the expected attack and consequent hydroperoxide formation should occur among the methylene earbons more or less randomly. This concept is supported by the findings of Benton and Wirth (1953) who found that all four pairs of methylene groups in n-decane were equally vulnerable to oxidative attack whereas the terminal methyl groups were largely untouched by free radieal hydrogen abstraction. The nonspecific attack on the methylene groups is similar to free radical chlorinations but is not in accord with the findings of Ivanov et al. (1948) who found that the 2-carbon position is the favored position for hydroperoxide formation in alkane autoxidations. In any case, however, there is general agreement that terminal methyl groups of paraffins are the least preferential locus for nonbiological oxidative attack.
A prior report of 2-hexadecanone as an intermediate in bacterial paraffin oxidation was found to be in error (Stewart and Kallio, 1957 
